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Abstract
Subsurface magmatic–hydrothermal systems are often associated with elevated electrical conductivities in the Earthʼs 
crust. To facilitate the interpretation of these data and to allow distinguishing between the effects of silicate melts and 
fluids, the electrical conductivity of aqueous fluids in the system  H2O–HCl was measured in an externally heated diamond 
anvil cell. Data were collected to 700 °C and 1 GPa, for HCl concentrations equivalent to 0.01, 0.1, and 1 mol/l at ambi-
ent conditions. The data, therefore, more than double the pressure range of previous measurements and extend them to 
geologically realistic HCl concentrations. The conductivities  (in S/m) are well reproduced by a numerical model log 
 = −2.032 + 205.8 T−1 + 0.895 log c + 3.888 log  + logΛ
0
(T, ), where T is the temperature in K, c is the HCl concentration 
in wt. %, and  is the density of pure water at the corresponding pressure and temperature conditions. Λ
0
(T, ) is the limiting 
molar conductivity (in S cm2 mol−1) at infinite dilution, Λ
0
(T,) = 2550.14 − 505.10 − 429,437 T−1. A regression fit of 
more than 800 data points to this model yielded R2 = 0.95. Conductivities increase with pressure and fluid densities due to an 
enhanced dissociation of HCl. However, at constant pressures, conductivities decrease with temperature because of reduced 
dissociation. This effect is particularly strong at shallow crustal pressures of 100–200 MPa and can reduce conductivities 
by two orders of magnitude. We, therefore, suggest that the low conductivities sometimes observed at shallow depths below 
the volcanic centers in magmatic–hydrothermal systems may simply reflect elevated temperatures. The strong negative tem-
perature effect on fluid conductivities may offer a possibility for the remote sensing of temperature variations in such systems 
and may allow distinguishing the effects of magma intrusions from changes in hydrothermal circulation. The generally very 
high conductivities of HCl–NaCl–H2O fluids at deep crustal pressures (500 MPa–1 GPa) imply that electrical conductors in 
the deep crust, as in the Altiplano magmatic province and elsewhere, may at least partially be due to hydrothermal activity.
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Introduction
Hydrothermal systems develop around many magmatic 
intrusions in the continental crust (e.g., Barnes 1979). They 
are powered by the heat released from the magma body and 
may contain volatiles exsolved from the magma itself or 
water from meteoric sources. Such magmatic–hydrothermal 
systems are responsible for the formation of ore deposits that 
are the main economic source of Cu, Mo, W, Sn, and other 
metals (e.g., Hedenquist and Lowenstern 1994). On the other 
hand, hydrothermal activity is often associated with active 
volcanism. Various phenomena, such as ground motions, 
seismicity, variations in heat flux or surface temperature, 
may be due to changes in the magmatic system itself (e.g., 
the intrusion of a new batch of magma) or of the associated 
hydrothermal system (e.g., Hurwitz and Lowenstern 2014). 
Disentangling these effects can be essential for forecasting 
future eruptions.
Measurements of electrical conductivity either by 
magnetotelluric methods (e.g., Kelbert et al. 2012) or (at 
shallow depth) by electrodes directly inserted into the 
ground (e.g., Gresse et al. 2018) may be able to detect 
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both magmatic and hydrothermal activity, as both silicate 
melts and aqueous fluids are usually by orders of magni-
tude more conductive than the surrounding rocks (e.g., 
Gaillard 2004, Sinmyo and Keppler 2014). Indeed, zones 
of elevated electrical conductivity have been detected 
below numerous volcanoes, including Vesuvius (Man-
zella et al. 2004), the Campi Flegrei (Gresse et al. 2018; 
Troiano et al. 2014), Mt. St. Helens (Wynn et al. 2016), 
Yellowstone (Kelbert et  al. 2012), the Altiplano Puna 
volcanic complex (Comeau et al. 2015), Merapi (Müller 
and Haak 2004; Commer et al. 2006), Mt. Unzen (Srigu-
tomo et al. 2008), Mt. Fuji (Aizawa et al. 2005) and many 
others (e.g., Hoffmann-Rothe et al. 2001; Yamaya et al. 
2009; Aizawa et al. 2011; Díaz et al. 2015; Kanda et al. 
2019). Conductive fluids may also allow the visualization 
of regional fault systems from magnetotelluric data (Pavez 
et al. 2020). However, the quantitative interpretation of 
these measurements for a long time was hampered by the 
lack of electrical conductivity data for fluids at the rel-
evant pressures and temperatures. Traditionally, such data 
were measured with externally heated autoclaves, which 
limited pressures to a maximum of 400 MPa (e.g., Franck 
1956; Frantz and Marshall 1984; Ho et al. 2001; Balashov 
et al. 2017). Moreover, most of the measurements were 
carried out in physical chemistry with solutions of very 
low concentrations to constrain dissociation constants and 
ionic mobilities. There are also some limited shock wave 
data for the conductivity of dilute (0.1 m) HCl and KCl at 
higher pressures (Hamann and Linton 1969). Conductiv-
ity data for NaCl-bearing aqueous fluids with geologically 
realistic concentrations were first provided by Sinmyo and 
Keppler (2017) and later expanded to 5 GPa by Guo and 
Keppler (2019). Additional recent experimental studies 
include conductivity measurements in polyphase sys-
tems, such as quartzite–H2O–NaCl at 1 GPa (Shimojuku 
et al 2014) as well as measurements of the conductivity 
of complex solutions from geothermal fluids at relatively 
low pressures (up to 32 MPa) by Kummerov et al. (2020). 
However, particularly in hydrothermal systems around 
active volcanoes, HCl may be a significant component of 
the fluid, as it is often a prominent constituent of volcanic 
gases (Symonds et al. 1990). From previous measurements 
(Frantz and Marshall 1984), it is known that the conductiv-
ity of aqueous HCl can be significantly larger than that of 
NaCl solutions. Indeed, Kanda et al. (2019) attributed the 
elevated conductivity below Aso volcano in Japan to the 
presence of a highly acidic fluid.
To allow a better interpretation of the magnetotellu-
ric data for magmatic–hydrothermal systems, we provide 
here new measurements of the electrical conductivity of 
 H2O–HCl fluids to 1 GPa and 700 ºC. In addition to their 
direct application for remote sensing, the data also yield 
important insights into the dissociation of HCl in the fluid 
and, therefore, into general fluid properties.
Methods
Electrical conductivities were measured in a Bassett-type 
externally heated diamond anvil cell using a method similar 
to that described by Ni et al. (2014). The basic experimen-
tal setup is shown in Fig. 1. A disc made of nanocrystalline 
diamond (Irifune et al. 2003) with 1.5 mm outer diameter, 
a thickness of 0.5 mm and a central drillhole of 0.1 mm is 
sandwiched between two rhenium gaskets (250 m thick). 
Because of the very corrosive nature of the HCl-bearing fluid, 
the gasket is lined by gold on the inside; a thin gold layer in 
contact with the diamond disc was used to improve sealing. In 
a few experiments, gaskets made of iridium or iridium gaskets 
lined with gold were also used. The entire package of the two 
gaskets with the diamond disc in between was sandwiched 
between two (type I) diamonds with 1 mm culet size. The 
sample chamber was filled with 0.01, 0.1 or 1 M HCl solutions 
prepared by diluting a certified standard solution. 1 M stands 
for a concentration of 1 mol/l at standard conditions. The bulk 
density of the fluid inside the sample chamber was controlled 
by adjusting the size of a vapor bubble in the loaded solution. 
The cell was heated by molybdenum coils around the tungsten 
carbide seats below the diamonds. Pads of mica and zirconia 
fibers around the gaskets and the diamonds helped to reduce 
heat loss. During heating, the cell was flushed by an argon–H2 
(2%) mixture to prevent oxidation of the heaters or the dia-
monds. Upon heating, the cell usually behaves as a nearly 
isochoric system, although some deformation may occur at 
high temperature. Temperature was measured by two type-K 
thermocouples attached to the diamonds. In some experiments, 
the bulk density of the fluid inside the sample chamber was 
Fig. 1  Experimental setup for electrical conductivity measurements 
in an externally heated diamond anvil cell
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determined from the homogenization temperature (disappear-
ance of the vapor bubble) upon heating and cooling. If the 
temperatures measured upon heating and cooling were close 
to each other (typically within 10 ºC or less), the bulk den-
sity of the fluid and the pressure at a given temperature were 
calculated from the equation of state of pure water (Wagner 
and Pruß 2002). Given that the HCl concentrations studied 
are rather low, this should be a rather good approximation. 
In most experiments, however, a clear natural zircon crystal 
was used as a pressure sensor inside the sample chamber and 
the pressures were directly measured from the Raman shift of 
the strongest zircon band at 1008 cm−1 (Schmidt et al. 2013). 
These measurements were carried out with a Horiba Labram 
800 HR UV confocal Raman spectrometer using the 514 nm 
line of an argon laser at 200 mW output power for excitation.
The two rhenium gaskets served as electrodes for the elec-
trical conductivity measurements. They were connected by 
four platinum wires to a Solartron 1260 impedance analyzer. 
Full impedance spectra were measured from 30 to 10 MHz. 
The measured ohmic resistances R can be converted into con-
ductivities σ through the relationship.
where the cell constant Kcell was calibrated using the known 
conductivities of the solutions measured at standard condi-
tions. Since the cell constant is largely determined by the 
geometry of the borehole in the diamond (Fig. 1), which 
remains essentially unchanged under all conditions, it is rela-
tively insensitive to deformation in the remaining part of the 
sample chamber. However, strong deformation of the gaskets 
during a run could affect the cell constant and this is likely 
the main source of error in these experiments. The accu-
racy in resistance measurements with the instrument used 
is specified by the manufacturer as 0.1% for the range of 
10 Ω–100 kΩ at 10 kHz. However, changes in the cell con-
stant may in some experiments introduce errors in the order 
of 10% relative. The accessible pressure and temperature 
range for this type of experiment are mostly limited by the 
mechanical stability of the diamond platelet. Fracturing of 
the platelet at elevated P and T causes immediate fluid loss 
and an increase in resistivity by many orders of magnitude. 
However, the quality of the impedance spectra measured 
with an intact cell assembly is essentially independent of 
pressure and temperature.
Results
All experimental data and all relevant details of the measure-
ments are compiled in Supplementary Online Table 1. Fig-
ure 2 shows the complex impedance spectra of a 0.1 M HCl 
(1) = Kcell∕R,
measured in the externally heated diamond cell to 400 ºC. 
The data show a well-developed impedance arc, which is 
attributed to the combined ohmic and capacitive resist-
ance of the sample. The data for 0.01 M HCl fluids usually 
yielded similar spectra. Measurements were usually evalu-
ated by fitting the data to a model of an ohmic and capacitive 
resistor in parallel, plus an additional ohmic resistor repre-
senting the resistance of the electrodes. In cases where clear 
minima were visible on both sides of the impedance arc, the 
position of these minima was sometimes used to directly 
calculate the ohmic resistance. For 1 M HCl solutions, the 
impedance arc was usually not well resolved anymore, as 
shown in Fig. 3. For these experiments, the ohmic resist-
ance was obtained from the intercept with the x axis or by a 
procedure similar to that described by Sinmyo and Keppler 
(2017), i.e., by plotting the resistance for 0.1–1 MHz against 

−1∕2 and linearly extrapolating to infinite frequency .
All experimental results are compiled in Fig. 4. The left 
panels in this figure show the measure conductivity as a 
function of temperature, while the right panels show the 
pressure as a function of temperature. The symbols for every 
experimental series in the left and the right panel are the 
same, such that the relationship between temperature, pres-
sure, and conductivity can be recognized. Since the experi-
ments usually followed a more or less isochoric path (with 
possible deviations due to gasket deformation, particularly 
at high temperature), the pressures generally increase with 
temperature. Increasing pressure at constant temperature 
increases conductivity, but the effect is rather small at low 
temperatures, where the fluid has a liquid-like density and 
the compressibility is low. In an isochoric measurement 
cycle, conductivity usually increased to 400–500 ºC and 
then decreased again at higher temperatures. This is due to 
Fig. 2  Examples for complex impedance spectra of aqueous 0.1  M 
HCl fluids to 400  ºC, as measured in an externally heated diamond 
anvil cell. 0.1 M refers to a concentration of 0.1 mol HCl/l solution 
at ambient conditions. The maximum pressure is 545 MPa at 400 ºC. 
Model fit curves for the measured data are also shown. For further 
details, see Supplementary Table 1, run Nr. 09.01.17
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the combined effect of pressure and temperature on both ion 
mobilities and on dissociation, as will be discussed below. 
Detailed inspection of Fig. 4 shows that in a few cases, the 
relative sequence of measured electrical conductivities is 
not exactly the same as one would expect from the sequence 
of the P, T paths in the diagrams in the right panel. These 
effects are likely due to a deformation of the cell assembly 
and an associated error in the cell constant, which affected 
the measurements. However, overall, the data in Fig.  4 
appear quite regular and no attempt was made to remove 
individual measurements from the entire data set.
Discussion
The electrical conductivity of an aqueous fluid depends on 
the mobility of the individual ions and on the degree of dis-
sociation of the solute, which controls the concentration of 
the ions available for charge transport. Frantz and Marshall 
(1984) have determined the limiting molar conductivities of 
HCl at infinite dilution ( Λ0 , in  cm2 S mol−1) for temperatures 
between 100 and 400 ºC and fluid densities from 0.75 to 1 g/
cm3. These data are well reproduced by an equation
where T is temperature in K and ρ is the density of pure 
water in g/cm3 at given pressure and temperature. A regres-
sion fit yielded 1 = 2550.14 ± 99.57, 2 = −505.10 ± 117.76, 
3 = −429,437 ± 22,442 (R2 = 0.97). Figure 5 compares 
measured and predicted values, including also some data 
from Ho et al. (2001) and Balashov et al. (2017) measured 
at relatively low pressures up to about 30 MPa. Note that 
in contrast to the regression equation used by Sinmyo and 
Keppler (2017) for the limiting molar conductivity of NaCl, 
Eq. (2) does not contain a T−2 term. Tests showed that for 
HCl, the inclusion of such a term does not improve the qual-
ity of the fit. Alternative numerical models for predicting 
limiting molar conductivities were proposed by Marshall 
(1987); they are, however, much more complicated than the 
regression equation used here.
The conductivity data acquired in this study as well as 
those of Frantz and Marshall (1984) were fitted to a regres-
sion model
where  is the conductivity in S/m, c is the concentra-
tion of HCl in wt. % and the other parameters are defined 
as above. For a theoretical justification of this equation, see 
Sinmyo and Keppler (2017). In brief, the fluid conductivity 
depends on the ionic conductivities—which are themselves 
functions of fluid density, temperature, and concentration—
and on the degree of dissociation of the solute, which is 
again a function of fluid density, temperature, and concen-
tration. Capturing all these effects together in one single 
equation would lead to an extremely complicated expression. 
Therefore, the procedure introduced by Sinmyo and Keppler 
(2017) uses some simplifications, notably (i) the concentra-
tion dependence of ionic conductivities is ignored (which 
is a minor simplification), and (ii) more importantly, it is 
assumed that the solute does not approach total dissociation. 
The latter assumption holds very well for relatively concen-
trated (wt. % level HCl content) fluids, which are geologi-
cally most important. However, it will necessarily lead to 
some systematic errors for very dilute fluids.
The best f i t  for Eq.  (3) was obtained with 
A = − 2.032 ± 0.029, B = 205.8 ± 13.6, C = 0.895 ± 0.011, 
D = 3.888 ± 0.089 (R2 = 0.95). Figure  6 compares the 
measured and predicted conductivities and Fig. 7 shows 
the residuals of the fit as a function of concentration and of 
reciprocal temperature. In general, the equation correctly 
predicts conductivities to within 0.5 log units or better. 
Significant deviations occur at very low concentrations, 
(2)Λ0 = 1 + 2 + 3∕T ,
(3)
log  = A + B∕T + C log c + D log  + log Λ0(T , ),Fig. 3  Examples for complex impedance spectra of aqueous 1 M HCl 
fluids to 450 ºC, as measured in an externally heated diamond anvil 
cell. 1 M refers to a concentration of 1 mol HCl/l solution at ambi-
ent conditions. The maximum pressure is 1043 MPa at 450  ºC. b is 
an enlarged view of a, showing the intercept with the horizontal axis, 
which yields the ohmic resistance. Note the decrease of resistance 
with increasing temperature. For further details, see Supplementary 
Table 1, run Nr. 28.02.18
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which are, however, not particularly relevant for geo-
logical applications. These deviations are expected since 
Eq. (3) assumes only partial dissociation of HCl into  H+ 
(or  H3O+) and  Cl−, while at very low concentrations, total 
dissociation will occur. Note that the regression coefficient 
C in front of the concentration term is below unity, which 
means that the conductivity is not directly proportional 
to HCl concentration, but increases more slowly. This is 
Fig. 4  Summary of measured electrical conductivities for 1  M HCl 
(a), 0.1; HCl (c) and 0.01 M HCl (e). The pressure temperature paths 
of the corresponding experiments are given in the diagrams on the 
right (b, d, f). The symbols in the left and the right panels are the 
same for the same series of experiments. 1 M refers to a concentra-
tion of 1 mol HCl/l solution at ambient conditions
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due to the reduced degree of dissociation of HCl at high 
concentrations. 
Figure 8 shows the electrical conductivities of an aque-
ous fluid containing 5 wt. % HCl as a function of tem-
perature to 800 °C and for pressures between 100 MPa 
Fig. 5  Comparison between predicted and measured values for 
the limiting molar conductivity of HCl at infinite dilution. Red 
dots are data from Frantz and Marshall (1984). They were fitted 
to a model Λ0 = 1 + 2 + 3∕T  with 1  =  2,550.14  ±  99.57, 
2  =  −505.10  ±  117.76, 3  =  −429,437  ±  22,442; R2  =  0.97. For 
comparison, data from Ho et  al. (2001; blue circles) and Balashov 
et al. (2017; green circles) are also shown for fluid densities >0.5 g/
cm3. For lower fluid densities, the uncertainties in the measured val-
ues become very large
Fig. 6  Comparison between predicted and measured conductivities 
(in S/m) of  H2O–HCl fluids to 1 GPa and 700. The data for 1 M and 
0.1 M HCl are from this study, the data for 0.01 M HCl and below 
include both measurements from this study and those by Frantz and 
Marshall (1984). All data were fitted to a model log  = A + B/T + C 
log c + D log ρ + log Λ0(T, ) with A  =  −2.032 ± 0.029, 
B = 205.8 ± 13.6, C = 0.895 ± 0.011, D = 3.888 ± 0.089, R2 = 0.95
Fig. 7  Differences between the measured electrical conduc-
tivities and those predicted by the numerical regression model 
(logobserved − logpredicted) , as a function of (a) concentration and (b) 
reciprocal temperature. The few outliers on the left side of b corre-
spond to data points for very low concentrations (0.01 M or below)
Fig. 8  Predicted electrical conductivities of aqueous fluids with 5 wt. 
% HCl based on this study and conductivities of aqueous fluids with 5 
wt. % NaCl after Sinmyo and Keppler (2017)
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and 1 GPa, as predicted from Eq. (3). Conductivities of 
a fluid containing 5 wt. % NaCl according to the model 
of Sinmyo and Keppler (2017) are shown for compari-
son. Under all conditions, the conductivities of the HCl-
bearing fluid are about 0.5 log units higher than those of 
the NaCl fluid. Partially, this is due to the smaller molar 
weight of HCl as compared to NaCl, such that a 5 wt. % 
HCl solution contains more potential charge carriers than 
a 5 wt. % NaCl solution. This effect, however, accounts 
only for a difference by 0.2 log units, while the remaining 
part of the difference is due to the “extra mobilityˮ of the 
proton, which may be attributed to the Grotthuss mecha-
nism of proton jumping between adjacent water molecules 
or larger molecule clusters (Agmon 1995; Lapid et al. 
2005). In general, the conductivities of HCl-bearing aque-
ous fluids increase with pressure, but decrease with tem-
perature. These effects are entirely due to changes in HCl 
dissociation. With increasing pressure, fluid density and, 
therefore, the dielectric constant of the solvent increase, 
which favors dissociation; while increasing temperature 
reduces the dielectric constant—not only by reducing 
fluid density, but also by increasing the statistical disor-
der of water molecules—such that the dissociation of HCl 
decreases. The temperature effect is particularly strong at 
low pressures, where the fluid density changes greatly as 
a function of temperature. In particular, at 100 MPa, i.e., 
at conditions relevant for shallow magmatic systems, the 
conductivity decreases by about two orders of magnitude 
for a temperature increase from 400 to 800 °C. It should 
be obvious that a quantitative assessment of such effects 
is essential for a correct interpretation of conductivity 
measurements in magmatic–hydrothermal systems.
For a precise evaluation of the degree of dissociation 
 of HCl in the fluid at high pressures and temperatures, 
additional conductivity measurements at very low con-
centrations would be required to precisely constrain the 
limiting molar conductivity of HCl at infinite dilution and 
the dependence of ionic conductivities on concentration. 
While such measurements are beyond the scope of this 
study, a very approximate estimate of α may be obtained 
from the relationship  ≈ Λ0−1c−1, where  is the meas-
ured conductivity, Λ0 is the limiting molar conductivity 
at infinite dilution under the same P, T conditions, and c 
is the concentration of HCl in moles/l under the given P, 
T conditions (note that due to different fluid density, c at 
P, T will be different from c under ambient conditions). 
Such a calculation would suggest that in a fluid contain-
ing 5 wt. % HCl, the solute is nearly half dissociated at 
1 GPa and 800 ºC, while the dissociation decreases to 
about 5% at the same temperature and 200 MPa. This is, 
however, only a very rough order-of-magnitude estimate.
Remote sensing of magmatic–hydrothermal 
systems
The effect of a small fraction of aqueous fluid in the pore 
space of a rock on the bulk electrical conductivity of the sys-
tem depends strongly on the connectivity of the fluid, which 
is determined by the dihedral wetting angle (e.g., Watson 
and Brenan 1987). Only for dihedral angles <60°, the fluid 
may form an interconnected network, which may greatly 
enhance bulk rock conductivity. On the other hand, for dihe-
dral angles >60°, the fluid will be located in isolated pores 
and its effect on bulk conductivity will be small or negligi-
ble. Watson and Brenan (1987) studied the dihedral angle 
of aqueous fluids in dunite, quartz, and some other minerals. 
They found that for a pure  H2O fluid, in dunite the dihedral 
angle is always >60°, indicating that the fluid will segre-
gate into isolated pores. However, they noted that for the 
quartz–fluid system, the dihedral angle is drastically reduced 
upon addition of NaCl, to values as low as 40°. In a more 
recent study, Huang et al. (2019) also observed a reduction 
of the dihedral angles in the olivine–fluid system to values 
<60° upon addition of NaCl. In the light of these data, one 
may plausibly assume that in most crustal lithologies, a HCl 
and/or NaCl-bearing fluid will likely form an interconnected 
network and, therefore, strongly enhance bulk conductivity. 
We, therefore, estimate the bulk conductivity b of a rock 
containing some small fraction of a  H2O–HCl–NaCl fluid 
using the Hashin and Shtrikman (1962) upper bound model.
where  is the fluid fraction (by volume) and f and s 
are the conductivities of the fluid and the solid, respectively.
Figure 9 shows calculated bulk conductivities for rocks 
containing variable fractions of an interconnected fluid con-
taining 5 wt. % HCl and/or NaCl. The concentration of 5 wt. 
% (HCl+NaCl) is geologically plausible for a hydrothermal 
system in the continental crust, if it contains a large con-
tribution of primary magmatic fluid. Data on the Cl and 
 H2O contents of melt inclusions from primitive arc basalts 
translate into NaCl/H2O ratios of 5–10 wt. % (Métrich 
and Wallace 2008). Data for more fractionated magmas in 
continental settings are more variable, but cover a similar 
range. Primary magmatic fluids may be diluted by meteoric 
water or by seawater in a hydrothermal system, depending 
on the geologic setting. The salinity of seawater is equiva-
lent to 3.5 wt. % NaCl and, therefore, not far away from 
the assumed concentration. The fluid conductivities used in 
Fig. 9 were calculated from Eq. (3) with the data from this 
study for HCl and the regression fit of Sinmyo and Keppler 
(2017) for NaCl. The conductivities of the solid phase were 
assumed to be 2.5 × 10–5 S/m at 500 ºC and 5 × 10–4 S/m at 
(4)b = f +
3(1 − )f(s − f)
3f + (s − f)
,
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800 ºC, similar to the data for feldspars reported by Maury 
(1968). The data may be compared to the conductivities of 
some deep conductive zones below active volcanoes world-
wide. The data indicate that the elevated conductivities 
do not necessarily imply the presence of magma, but they 
may be equally well explained by a small fraction of mag-
matic–hydrothermal fluid being present in the rock. Laumo-
nier et al. (2017) suggested that the elevated conductivities 
near 1 S/m in the deep crust of the Altiplano Puna volcanic 
complex (Comeau et al. 2015) and other locations require 
the presence of andesitic magma with very high water con-
tents (up to 10 wt.%). Our calculations offer an alternative 
explanation. Depending on fluid composition, pressure, and 
temperature, as little as 1–10% by volume of saline fluid 
could account for the observed conductivity of 1 S/m as well 
(Fig. 9). Due to the low density of aqueous fluids (1.01 g/
cm3 at 1 GPa and 500 ºC and 0.69 g/cm3 at 500 MPa and 
800 ºC for pure water), these numbers translate into weight 
fraction of aqueous fluid as low as 0.25–3 wt. %. Obviously, 
the two alternatives do not exclude each other; a crystalliz-
ing, volatile-rich magma body may well be surrounded by a 
deep hydrothermal system and this possibility was already 
considered by Comeau et al. (2015). Moreover, Laumonier 
et al. (2017) assume that the magma below the Altiplano 
Puna magmatic complex had reached water saturation, such 
that the development of some kind of hydrothermal activity 
around the intrusion would be expected. Andesitic magmas 
are typically rich in dissolved HCl (e.g., Symonds et al. 
1990) and therefore, they should release a highly conductive 
fluid upon solidification. However, from the point of view 
of forecasting possible eruptions and assessing volcanic 
risk, it would obviously desirable to be able to distinguish 
between elevated conductivities produced by magmas and 
conductivity anomalies related to hydrothermal systems. The 
conductivity data alone are likely inconclusive. However, 
the combination with seismic tomography may allow a dis-
tinction between magmas and hydrothermal fluids, since to 
account for the same bulk conductivity, the volume fraction 
of magma required is much larger than the volume fraction 
of fluid. This may imply a stronger visibility of magma bod-
ies in seismic tomography. Notably, the zone of elevated 
electrical conductivity (0.1–1 S/m) in the crust below Mount 
Rainier (Cascades, USA) does not appear to clearly cor-
relate with low seismic velocities (McGary et al. 2014), 
which may suggest the involvement of some small fraction 
of saline fluid. Saline fluids likely also contribute to many 
zones of elevated conductivity in the upper crust, which are 
often interpreted as shallow magma chambers and/or hydro-
thermal systems. For example, the resistivity of about 3 Ωm 
below Uturuncu volcano in Bolivia at a depth around 5 km 
below the surface (Comeau et al. 2015) could be accounted 
for by about 8–16 volume % of a fluid with 5 wt. % NaCl 
and/or HCl at a temperature of 600 ºC. Due to the low den-
sity of the fluid, this would translate to just 1.4–2.7 wt. % of 
the bulk rock. This estimate is, however, very sensitive to the 
assumed temperature, which has a strong effect on fluid con-
ductivity at pressures relevant for the upper crust (Fig. 8).
Conductivity anomalies at shallow depth, where geo-
thermal gradients make the presence of magmas unlikely, 
have often been attributed to hydrothermal systems, e.g., 
the Campi Flegrei (Gresse et al. 2018) or the Turi basin in 
Northern Chile (Mancini et al. 2019). Curiously, however, 
the elevated conductivities in such systems are often attrib-
uted to the presence of hydrothermal alteration products 
such as smectites and illite (e.g., Kristinsdottir et al. 2010; 
Mancini et al. 2019), despite the fact that the highly con-
ductive fluid itself is a much more obvious possibility. Very 
likely, this is because until recently, experimental calibra-
tions of fluid conductivities and predictive numerical models 
were largely missing.
The strong temperature dependence of fluid conductivi-
ties at shallow crustal pressures (Fig. 8) may lead to some 
unexpected effects. For example Díaz et al. (2015) observed 
a highly conductive layer in a depth of about 1 km sur-
rounding Lasterria volcano Chile, which they attributed to 
a hydrothermal system. Curiously, this anomaly appears to 
diminish or disappear below the volcano itself. Díaz et al. 
(2015) attributed this resistive zone to a crystallized magma 
chamber. While this interpretation is possible, the conduc-
tivity data in Fig. 8 suggest an alternative interpretation: 
At low pressures of 100 MPa and below, the increase in 
temperature expected upon approaching an active volcanic 
center by itself could cause a drop in conductivity by orders 
of magnitude. This strong temperature effect on conductivity 
Fig. 9  Electrical conductivity of deep crust containing variable frac-
tions of HCl- or NaCl-bearing aqueous fluid, according to a Hashin–
Shtrikman upper bound model. Shown are two extreme cases, 5 wt. % 
HCl at 500 and 1 GPa and 5 wt. % NaCl at 800 °C and 500 MPa. The 
conductivities of NaCl–HCl mixed fluids in the temperature range 
between 500 and 800  °C and at pressures between 500  MPa and 
1 GPa will all fall between these two extremes. The approximate con-
ductivity of the Altiplano Puna conductor in the mid crust (Comeau 
et al. 2015) is shown for comparison
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could potentially be useful in monitoring active volcanoes 
with an extensive hydrothermal system, such as the Campi 
Flegrei (Troiano et al. 2014) or the Yellowstone area (Kel-
bert et al. 2012). Large temperature increases, e.g., upon 
intrusion of a new batch of magma at depth should cause a 
marked reduction of the electrical conductivity of any hydro-
thermal system located above the heat source.
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